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Introduction

The Scorpius Linear Induction Accelerator (LIA) is being developed by the Advanced Sources
and Diagnostics (ASD) Project and will complement other Ula capabilities by providing a
multi-pulse, DARHT-class, flash-radiography capability. Commissioning activities are ex-
pected to end in Spring of 2026. All of the diagnostics discussed in this chapter are relevant
to LIAs that generate high-current relativistic electron beams, and some diagnostics will also
be relevant to other accelerators.

The Scorpius Accelerator will be the world’s most advance LIA. Although significant
technological advancements have been incorporated throughout the machine, many perfor-
mance aspects of Scorpius will be similar to those of FXR and DARHT Axis-I and -II. These
LIAs offer the same challenges, whether it is suppressing beam instabilities, improving diag-
nostic accuracy, validating computer simulations and beam tunes, or reducing beam-target
interaction effects. However, the ultimate figure of merit is consistent between these LIAs,

which is spot size and dose.



Beam Parameters of Interest

With enough knowledge of the beam parameters, an LIA’s systems can be optimized. The
beam parameters under some degree of contro]ﬂ are the beam energy spread (A7), radius
(Ry), convergence (Ry/z), normalized Lapostolle [4 rms| emittance (¢,) and beam motion.

The amount of influence that each beam parameter has on the spot size is found by taking

the quadrature sum of the contributing terms: r3,, = (525-)% + (ZRO%)2 + (CR3)%. Figure
shows how these parameters scale with respect to the beam radius (Ry) at the entrance of
the final focus solenoid for the nominal beam parameters of C = 0.0027132 cm?, 6/~ = 2%
and € = 1000 mm-mrad. The beam motion and beam-target interactions scaling is presented
as a fractional increase of the quadrature sum, since each grow the integrated spot size.
The table shown in Figure [2| presents the nominal values and allowable variations for the
beam current, energy and emittance on Scorpius, as well as measured values and uncertainties
for radius, convergence, emittance and energy from either Axis-I or -II. Understanding the
present limitations along with how the parameters scale the spot size allows us to prioritize

our efforts. For example, the measurement uncertainty for beam emittance has more room

for improvement than that of the beam energy.

!Beam current (i.e. charge @ on target) and beam energy (E) are fixed by dose requirements. In very
simplified terms, the dose (D) scales approximately as D o QE?*8.
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Figure 1: This image shows how the beam parameters influence the spot size: Spherical
Aberration C, = 0.0027132 cm?, Energy Spread /v = 2%, Emittance ¢ = 1000 mm-mrad,
with motion blur and beam-target interactions increasing the integrated spot size by 10%
and 50% respectively.



Accurate measurements of beam parameters are also vital inputs into the beam transport
codes used to develop optimum tunes. Figure|3|shows the envelope radius of a 200 mm-mrad
beam as transported with an optimized tune. A 400 mm-mrad beam transported in the same
tune results in poor transport and a doubling of the spot size. Accurate beam measurements

are required to optimize an accelerator.

Beam Target Interactions

Beam-target interactions are thought to increase the integrated spot size by 40% to 80% on
Axis-II and almost double on Axis-I, making them a priority to understand and mitigate.
Beam-target interactions come in two forms, and both are driven by Ohmic heating of the
bremsstrahlung converter target.

The first form of beam-target interaction occurs when the high-current electron beam
heats the target, which leads to thermal desorption of surface contaminants. Thermal des-

orptiorP] begins around 400° C, which is reached within the first few nanoseconds of the

2The desorbed flux dn/dt = —vn(t)d=9/%T where v ~ 10 s~! is the desorption rate, n is the amount of
surface contaminants [atoms cm~2] and the ratio of binding energy to target temperature is in the exponent.

Parameter Measurement Location A'llo.\'r a.ble Nominal Values
Variation
Beam Current Exit of Injector <1% RMS 2kA=28A
Beam Energy Exit of Injector <1% RMS 2 MeV = 28 keV
Beam Energy In Accelerator <5% RMS | Location dependent
Beam Energy Exit of Accelerator <2% RMS 20 MeV = 566 keV
Beam Energy Entrance to Final Focus Solenoid| <1% RMS 20 MeV = 283 keV
Beam Emittance Exit of Accelerator N/A <1000 mum-mrad
Measured Present
Parameter Measurement Location , Measurement
Values .
Uncertainty
Beam Radius Exit of Axis-IT 1.59 cm 0.13 cm
Beam Convergence Exit of Axis-II 3.10 em 0.56 cm
Beam Emittance Exit of Axis-IT 700 mm-mrad 220 mm-mrad
Beam Energy Exit of Axis-I 19.85 MeV 64 keV

Figure 2: Top - Allowable variations for the Scorpius accelerator. Bottom - Uncertainties
for measurements performed on Axis-I and -II.
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Figure 3: Output from the XTR envelope code showing the envelope radius of a 200 mm-
mrad beam as transported with an optimized tune. A 400 mm-mrad beam transported in
the same tune results in poor transport and a doubling of the spot size.

beam-target interaction. The desorbed species are quickly ionized by the electron beam and
move upstream due to the electron beam potential well. Space charge limited emission from
the target is reached and the upstream moving ions neutralizerf] the electron beam. The result
is a dynamic "flying” focus [1I, 2 3, [4] as seen in the measured data presented in Figure .
Thermal desorption affects both single and multi-pulse LIAs and attempts to mitigate this

effect have been made [5, 6] and proposed [7].

3K = 53710 {% — f}, where Iy = -17,000 [A] and f is the fraction of any neutralizing (positive) species

~

that can alter the focus.
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Figure 4: Tmages from the Time Resolved Spot Size (TRSS) diagnostic capturing the dynamic
focus on DARHT Axis-I [I]
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Figure 5: Images of a thin foil target expansion after interaction with the Axis-1I electron
beam.

The second form of beam-target interaction occurs when the target material is heated
to the vapor and plasma phases, which is relevant to multi-pulse LIAs but not necessarily
single-pulse LIAs. Figure[5]shows an image of the target expansion after the DARHT Axis-II
electron beam interacts with a thin-foil targetf’] As the target expands, its density is reduced
and ultimately beam-plasma interactions occur. The need for higher doses at later pulses

further increases the per pulse heating of the target.

Diagnostic Challenges

The ASD Project is developing beam diagnostics with support from its partner institutionsﬂ
and Figure [6] list these diagnostics along with the beam parameters they measure. It’s
important to consider the many limitations that exist when designing and fielding diagnostics
on an LIA and that diagnostics can be surprisingly invasive. An example of an invasive
diagnostic is a thin (ten’s of microns) foil used to image the electron beam via optical
transition radiation and/or Cherenkov radiation. The scatter through such a foil may be
negligible, however the foil shorts the beam’s electric field causing the beam to focus itself,
altering the beam transport downstream of the diagnostic.

Another area to be cautious around is heating a diagnostic that is placed inside the

4Tmages provided by Michael Jaworski, Kimberly Schultz, Martin Schulze.
SLANL, LLNL, NNSS and SNL



beam. Of course significant heating can damage the diagnostic altogether and may even
lead to contaminating accelerator cell gaps with the debris. But heating doesn’t have to
destroy the diagnostic in order to influence the measurement. Thermal desorption of sur-
face contaminants begins around 400° C. The desorbed species are quickly ionized by the
relativistic electron beam and begin to move upstream due to the electron beam’s potential
well. This leads to a dynamic focusing of the beam due to the neutralization of the beam’s
electric field, altering the beam transport upstream of the diagnostic.

Something else to consider is that not all diagnostics need to be placed in the beam’s
path to be invasive. Diagnostic stations and pump crosses have built in conducting rods and
meshes to keep return current symmetry in areas where there are gaps. This is to avoid the

buildup of detrimental wakefields than can destroy the electron beam. Placing a diagnostic

Diagnostic Beam Parameter Additional Information
Beam Position . Permanent . .
. Current, Centroid . . Non-Invasive | Time Resolved
Monitors Diagnostic
Fast Beam Positioning . Permanent . .
. Current, Centroid . . Non-Invasive | Time Resolved
Monitors Diagnostics
) Permanent . -
Voltage Monitors Energy . . Non-Invasive | Time Resolved
Diagnostic
Tempora
Titanium Foil & PiMax Beam Profile . p rv Invasive Time Integrated
Diagnostic
Titanium Foil, PiMax & . Temporary . .
. Emittance . . Invasive Time Integrated
Solenoid Scan Diagnostic
Anamorphic Streak Tempora
- . Beam Profile . p rv Invasive Time Resolved
Imaging Diagnostic
Electron Spectrometer Tempora
- Absolute Energy . p rv Invasive Time Resolved
& Streak Camera Diagnostic
. . Radius, Permanent Quasi Non- .
Diamagnetic Loop . . . Time Resolved
Convergence Diagnostic Invasive
- . . . Permanent . .
Radiographic Camera | Resolution & Signal . . Non-Invasive | Time Integrated
Diagnostics

Figure 6: Conventional diagnostics being developed by the ASD Project for the Scorpius
Accelerator.



inside the radius of the beam pipe can generate detrimental wakefields that steer the beam.
Therefore, a diagnostic doesn’t need to "touch” the beam in order to affect the beam.
Measuring beam-target interactions also has its own set of challenges. For one, the
target becomes a bright source of mostly forward directed bremsstrahlung and 4-7 emitted
neutrons, which may affect certain diagnostics. Other challenges are line-of-sight access to
the target. Bulky shielding and the final focus solenoid greatly limit the visible access to the
target. Most often, beam-target interactions are studied at a diagnostic station positioned
downstream from a transport solenoid, however this limits the target thickness in order to

reduce the risk of contaminating the accelerator cells with target debris.

Conversation

Beam measurements inform us of the accelerator’s performance and provide input parame-
ters to the computer codes used for beam transport and beam-target simulations. Ideally,

all beam parameters would be measured with non-invasive diagnostics that have very low

Conserved . . . . . .
. Plume/Plasma| Diagnostic Technique Beam Diagnostic Technique
Quantity
Two-Color BPMs, Optical
Interferometer (TCI), Transition Radiation,
. . Current and Current . . .
Mass Density Thomson Scattering Density Pinhole imaging,
ensi
(TS), Filtered Plume Characteristic X-ray
Imaging, Shadowgraphy Emission
PDV (early time),
Spectrosco e.g.
- . Py (e Pepperpot, Optical
Doppler shift), Thomson . .
. . Transverse Transition Radiation
Momentum Velocity Parabola, Multi-frame . . .
. emittance with solenoid scan
Shadowgraph, Multi- ( /far)
near/far
chord TCI, Faraday
Cup/Charge Collectors
Thomson Parabola, Magnet
lon Energy, Thomson Scattering, Longitudinal Energy Spectrometer,
Energy .
Temperature | Spectroscopy (e.g. line Spread Compton
ratios) Spectrometer

Figure 7: Diagnostics being developed or considered for DARHT beam-target interaction
studies. Filtered plume imaging and x-ray shadowgraphy are being developed in a collabo-
ration between LANL and the NNSS.



uncertainties. However, as shown in Figure [6] a number of diagnostics are invasive and can-
not be used during a hydrodynamic or subcritical experiment, which is good motivation to
advance our diagnostic technology.

One example of how we are advancing diagnostics is the diamagnetic loop. The invasive
nature of using imaging foils to measure the beam’s radius and convergence is the driving
force behind the development of the diamagnetic loop, which has been demonstrated to
non-invasively measure the beam radius and beam emittance by measuring the change in
magnetic flux of a relativistic electron beam traveling through a solenoid’s magnetic field
[8, ).

Advancing our non-invasive diagnostics to measure beam parameters is important, but
our ultimate figure of merit is the spot size, which is determined by pinhole or rolled edge
measurements. Because these measurements cannot be performed during hydrodynamic and
subcritical experiments, they are made ahead of time an assumed to remain within a given
shot-to-shot variation. A novel approach has been suggested that takes advantage of the
x-rays (bremsstrahlung and/or characteristic) that emerges from the upstream side of the
target, i.e. the rear side of the source used to create the radiograph [10]. Measuring the
rear spot size can provide direct correlation of the spot size and the image resolution of the

radiograph.

Concluding Remarks

As with any technology, making significant advancements can be difficult. Appropriate
planning is always necessary to inform our decisions, and Figure (1] along with a list of
measurement uncertainties can provide a quick guide to what our diagnostic priorities should

be.
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